Extract
Previous studies had indicated that the effects of vasopressin to increase the permeability of collecting ducts to water and to produce a concentrated urine are mediated through adenosine 3',5'-monophosphate (cyclic AMP). An investigation was performed to determine whether the lack of response to vasopressin in nephrogenic diabetes insipidus could result from an abnormality in the formation of cyclic AMP. T h e influence of vasopressin was compared in four water-loaded normal subjects, one patient with vasopressin deficiency, and three patients with nephrogenic diabetes insipidus. Serum and urine osmolality, inulin clearance, and cyclic AMP in urine were determined while 5% dextrose and water was infused at a constant rate before, during, and after administration of vasopressin for 1 hr. Vasopressin given intravenously for 1 hr significantly increased the mean rate of excretion of cyclic AMP in urine from a range of from 1.7 to 3.1 nmol/min before treatment to a range of from 4.7 to 8.9 nmol/min after treatment in the normal subjects and the patient with vasopressin deficiency. There were associated mean increases in urine osmolality from a range of from 39 to 119 mOsm/kg to a range of from 568 to 996 mOsm/kg. In contrast, mean cyclic AMP in urine varied from 0.7 to 1.5 nmol/min and mean urine osmolality varied from 47 to 68 mOsm/kg in the patients with nephrogenic diabetes insipidus and did not change after vasopressin. The findings are interpreted to mean that there is a defect in the adenylate cyclase system in nephrogenic diabetes insipidus. I t is not known whether there is an abnormality of the receptor, the enzyme, or both or if there is an associated abnormality of the renal tubules to respond to cyclic AMP.
Speculation
T h e results show that patients with nephrogenic diabetes insipidus do not increase levels of cyclic AMP in urine or concentrate their urine in response to vasopressin. I t is proposed that there is a defect in the adenylate cyclase system in these patients which accounts for their lack of response to antidiuretic hormone.
Inlroduction
kidneys to respond to endogenous or exogenously administered antidiuretic hormone [lo, 19, 201 . ClassiVasopressin-resistant or nephrogenic diabetes insipidus cally it occurs in males and is inherited as a sex-linked, is a familial disease characterized by an inability of the recessive characteristic [lo, 201. There is evidence that the renal effects of antidiuretic hormone are mediated through the adenylate cyclase system [4, 5, 12, 181 . T h e question arises, therefore, of whether patients with vasopressin-resistant diabetes insipidus are able to produce cyclic AMP in response to vasopressin. I n the present report, the effects of vasopressin on cyclic AMP in urine and renal concentration have been studied. Evidence is presented that patients with vasopressin-resistant diabetes insipidus apparently have a defect in the formation of cyclic AMP in response to vasopressin [2, 9] .
Methods
T h e six patients, all of whom were males, ranged in age from 4 to 52 years. T h e normal subjects were adult male volunteers who ranged in age from 22 to 24 years. T h e patients and normal subjects were given a regular diet and water ad lzbitzlm before each clearance study.
Clearance studies were carried out after an overnight fast. Subjects were kept recumbent and were allowed to sit or stand to vo~cl. Except in patient DR, in whom the infusion rate was either 2 or 4 ml/min, 5% dextrose in water was infused at a constant rate ol 5 ml/min with a Holter infusion pump. In all studies, the infusate was given for at least 30 min before the first control period to allow equilibration. T h e duration of the clearance periods was 15 min. In the adults, blood samples were obtained at the midpoint of each period. I n the children, one sample was obtained at the midpoint of at least one clearance period in each of the control, treatment, and postcontrol treatment periods.
Cyclic AMP was obtained from Schwarz/Mann [21] . I t was sterilized by passage through a Millipore filter as described by Levine [15] . It was then administered by constant infusion in 5Yo dextrose in water as described above. 
Results
Six patients were studied ( Table I ). Two of them were brothers (DR and TR) with nephrogenic diabetes insipidus who had two maternal uncles with the disease. In both generations only the male siblings were affected. A third patient, R M , had apparently developed vasopressin unresponsiveness after a febrile illness during his first year of life. These patients did not concentrate their urine alter vasopressin. Three patients had vasopressin-responsive diabetes insipidus. One of them, LB, had developed the disease after treatment for acromegaly and another one, RS, after treatment for chromophobe adenoma. T h e third patient, MD, developed his disease after a severe head injury. After fluid restriction for 18 hr, LB had lost some 3.3% of his body weight and had a serum osmolality of 293 mOsm/kg and an abnormally low plasma arginine vasopressin value of 1.3 pg/ml as determined by radioimmunoassay [17] , although he was able to concentrate his urine reasonably well. His lack of ability to secrete vasopressin was confirmed in other studies in which hypertonic saline was administered. T h e patient had polyuria and polydipsia which required treatment with Pitressin. The other two patients showed a limited ability to concentrate their urine after fluid restriction sufficient to increase serum osmolality to 300 mOsm/kg or above or to lose at least 2.5% body weight.
T h e effects of vasopressin on cyclic AMP in urine and renal concentration were studied. T h e dose was 10 mU/min for 1 hr in the normal adul~s, one mU/min in the patient with diabetes insipidus, and 8 mU/kg/ hr for 1 hr in the children. Vasopressin produced increases in both cyclic AMP in urine and urine osmolality in JG, a normal subject, and did not increase inulin clearance (Fig. la, Table 11 ). As summarized in Table 11 , vasopressin, 1 or 10 mU/min for 1 hr, gave significant mean increases in cyclic AMP in urine and in urine osmolality in the other normal subjects and in the patient with vasopressin-deficient diabetes insipidus. These increases were noted during the administration of vasopressin but were more pronounced in the interval after vasopressin had been stopped. Except for the study in subject JG, whicll had only two periods after vasopressin (Fig. la) , the increases in cyclic AMP in urine after treatment were statistically significant as compared with the initial control period in each of the studies in the normal subjects and in patient LB with diabetes insipidus.
Vasopressin did not change cyclic AMP in urine or urine osmolality in patient DR with nephrogenic diabetes insipidus (Fig. lb, Table 11 ). As summarized in Table 11 , vasopressin, 8 mU/kg/min for 1 hr, did not influence cyclic AMP in urine or urine osmolality in any of the patients with nephrogenic diabetes insipidus.
T h e results of the effects of vasopressin on concentration of cyclic AMP in urine in patients and normal subjects are summarized in Fig. 2 . I t can be seen that with vasopressin there were 10-fold or greater increases in the concentration of the cyclic nucleotide in each of the four normal subjects and in the patient with diabetes insipidus, but n o change in the three patients with nephrogenic diabetes insipidus.
T h e effects of cyclic AMP (0.2-0.6 mg/kg/min) on inulin clearance, free water clearance, urine volume, and urine osmolality were examined (Table 111) . Cyclic AMP did not change any of these in two of the patients with nephrogenic diabetes insipidus. Cyclic AMP increased urine osmolality and lowered free water clearance and urine volume in each of the three patients with vasopressin-deficient diabetes insipidus and in the third patient with nephrogenic diabetes insipidus. However, there was a modest decrease in inulin clearance in each of the four patients and it cannot be certain that the increases in urine concentration did not result from the decrease in glomerular filtration rate [3] .
Discussion
There is convincing evidence that the effects of vasopressin on the kidney to produce a concentrated urine are mediated through the adenylate cyclase system. Vasopressin has been shown to activate adenylate cy-clase in the medullary portion of rat kidney [5] , to increase the concentration of cyclic AMP in homogenates of dog kidney [4] , and to increase the excretion of cyclic AMP in urine in man [9, 181. Vasopressin and cyclic AMP apparently influence renal concentration by increasing the permeability of collecting tubules to water [12] .
T h e present results show that patients with nephrogenic diabetes insipidus are unable to increase the rate of excretion of cyclic AMP after vasopressin. In contrast, vasopressin produced significant increases in the rate of excretion of the cyclic nucleotide in the normal subjects and in the patient with diabetes insipidus. Similar findings have also been reported independently by Fichman and Brooker [9] . Taken together these results support the view that there is a defect in the adenylate cyclase system in nephrogenic diabetes insipidus which accounts for the lack of response to vasopressin. I t should be noted that patients with other diseases associated with impaired renal concentrating ability, potassium deficiency or sickle cell anemia, have been shown to increase urinary cyclic AMP in response to vasopressin [16] .
I t is not possible on the basis of the information now available to determine whether the lack of increase in cyclic AMP in urine in response to vasopression in nephrogenic diabetes insipidus results from failure of the receptors to bind the hormone, an abnormality in the enzyme itself, or both. Also, it is not known whether the abnormality is limited to the adenylate cyclase system or if there is an overall defect which includes the response mechanism to cyclic AMP as well. We sought unsuccessfully to answer this question by comparing the effects of cyclic AMP on renal concentrating ability in patients with nephrogenic diabetes insipidus and patients with vasopressin-deficient diabetes insipidus. As noted in the results, cyclic AMP did not produce increases in urine osmolality in two of the three patients with nephrogenic diabetes insipidus. Jones and associates [I31 also were unable to show an increase in urine osmolality with cyclic AMP in three patients with nephrogenic diabetes insipidus even though urine volume decreased in two of them. Levine [15] noted decreases in urine volume and increases in urine osmolality in patients with diabetes insipidus given cyclic AMP. However, glomerular filtration rate was not measured in his studies and again it cannot be determined whether the observed changes were produced by alteration in glomerular filtration rate. I n the present studies, there were modest increases in urine osmolality in the three patients with vasopressin deficiency and in the third patient with nephrogenic diabetes insipidus, but these changes were always associated with decreases in the clearance of inulin. Consequently, it was never possible to determine whether the observed changes in urine osmolality resulted from an effect of cyclic AMP to increase the permeability of the collecting duct or from decreases in glomerular filtration [3] .
Pseudohypoparathyroidism is a disease in which parathyroid hormone unresponsiveness has been related to an abnormality in the formation of cyclic AMP [6] . We have been able to demonstrate that the defect is probably limited to the adenylate cyclase system by showing a normal response to dibutyryl cyclic AMP in several such patients [I] .
Finally, it is worthwhile to emphasize that the changes in concentration of cyclic AMP in urine were far more striking than the changes in rate of excretion of the cyclic nucleotide in response to vasopressin in the normal subjects and patient LR with diabetes insipidus. Because there is probably a dynamic state of equilibrium of cyclic AMP between the renal tubular cells and the urine, a 10-fold decrease in urine volume after vasopressin would require a 20-to 40-fold increase in the concentration of cyclic AMP in vasopres- Table 111 . Effects of adenosine 3',5'-monophosphate (CAMP) on the clearance of inulin (CIn), urine volume (V), free water clearance (CHZO), and urine osmolality (U,,,) Diabetes insipidus [14] , and could explain the inability in some laboratories to demonstrate significant increases in the rate of excretion of cyclic AMP in urine with vasopressin [6, 141.
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Summary
T o determine whether a delect in the adenylate cyclase system might be responsible for the lack of response to vasopressin in patients with nephrogenic diabetes insipidus, the effects of vasopressin on cyclic AMP in urine and renal concentration were examined by standard clearance techniques. Studies were carried out in three patients with vasopressin-resistant diabetes insipidus, in one patient with diabetes insipidus due to vasopressin deficiency, and in four normal subjects. Serum and urine osmolality, inulin clearance, and cyclic AMP in urine were determined. In the normal subjects and in the patient with vasopressin deficiency, vasopressin produced significant mean increases in cyclic AMP in urine and caused renal concentration. I n contrast, vasopressin did not influence either cyclic AMP in urine or renal concentration in t h e patients with nephrogenic diabetes insipidus. Studies of the effects of cyclic AMP were also determined in the three patients with nephrogenic diabetes insipidus and in three patients with vasopressin deficiency. T h e studies were inconclusive and it could not be certain that increases in urine concentration with cyclic AMP were produced by decreases in glomerular filtration rate. These results support the hypothesis that a defect in the adenylate cyclase system may be responsible for the impairment in concentrating ability in vasopressinresistant diabetes insipidus.
